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ARTICLE COMPRISING METAL OXIDE 
NANOSTRUCTURES AND METHOD FOR 
FABRICATING SUCH NANOSTRUCTURES 

[0001] CROSS REFERENCE TO RELATED APPLICA 
TIONS 

[0002] This application claims the bene?t of US. Provi 
sional Application Ser. No. 60/547,689 ?led by Dong-Wook 
Kim, et al. on Feb. 25, 2004 and entitled “Article Compris 
ing Metal Oxide Nanostructures and Method for Fabricating 
Such Nanostructures”. The ’689 provisional application is 
incorporated herein by reference. 

FIELD OF THE INVENTION 

[0003] This invention relates to metal oxide nanostruc 
tures such as tubes and cones, and, in particular, to such 
structures made using carbon nanostructures as templates. 

BACKGROUND OF THE INVENTION 

[0004] Metal oxides have a great potential in various 
applications due to their interesting physical properties, such 
as superconducting, semiconducting, ferroelectric, pieZo 
electric, pyroelectric, ferromagnetic, optical (electro-optic, 
non-linear optic, and electrochromatic), resistive sWitching, 
and catalytic behaviors. Nano-scaled oxide materials have 
attracted great interest in the last decade because they can 
exhibit different physical properties than their bulk counter 
parts. See US. Pat. No. 6,036,774 by Lieber, et al “Method 
of producing metal oxide nanorods” issued on Mar. 14, 
2000; Huang et al., SCIENCE, Vol. 292, p. 1897 (2001); 
AggarWal et al., SCIENCE, Vol. 287, p. 2235 (2000); Li et 
al., Applied Physics Letters, Vol. 82, p. 1613 (2003); Luo et 
al., Applied Physics Letters, Vol. 83, p. 440 (2003). The 
oxide nanostructures Were prepared by several groWth tech 
niques: laser ablation, sputtering, chemical vapor deposition, 
sol-gel, and molecular-beam-epitaxy. One of the simplest 
methods is to prepare the nanostructures, such as nanorods, 
in a tube furnace by the ‘vapor-liquid-solid’ mechanism 
suggested by Lieber et al. 

[0005] Huang et al. demonstrated room-temperature ultra 
violet lasing in ZnO nanoWire arrays. The nanostructures 
Were used as an optical cavity for lasing. AggarWal et al. 
suggested their spontaneously formed oxide “nano-tip” 
array as a possible candidate for ?eld emission applications. 
Li et al. presented an approach to use individual In2O3 
nanoWire transistors as chemical sensors, Where ultrahigh 
surface-to-volume ratios Were expected to improve the sen 
sitivity. Luo et al. fabricated ferroelectric nanoshell tubes 
using Si and alumina hole arrays as templates. The nanoshell 
tubes could be useful for nano-electromechanical system. 
These results shoW that nanostructures can be useful for 
their unique structural advantages. 

[0006] Carbon nanostructures, such as nanotubes, nano? 
bers and nanocones, (collectively “CN”) and their peculiar 
characteristics, such as ?eld emission and ?eld e?fect tran 
sistor effects, have also evoked great attention. In recent 
years, groWth techniques for CN Were intensively investi 
gated and relatively Well established. See Ren et al., SCI 
ENCE, Vol. 282, p. 1105 (1998); BoWer et als., Applied 
Physics Letters, Vol. 77, p. 830 (2000); Merkulov et al., 
Applied Physics Letters, Vol. 79, p. 1178 (2001); Tsai et al., 
Applied Physics Letters, Vol. 81, p. 721 (2002); Teo et al., 
Nanotechnology, Vol. 14, p. 204 (2003). 
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[0007] High-quality single-Walled carbon nanotubes are 
typically groWn as randomly oriented, needle-like or spa 
ghetti-like, tangled nanoWires by laser ablation or arc tech 
niques (a chemical puri?cation process is usually needed for 
arc-generated carbon nanotubes to remove non-nanotube 
materials such as graphitic or amorphous phase, catalyst 
metals, etc). Chemical vapor deposition (CVD) methods 
such as used by Ren et al., BoWer et al., and Teo et al. tend 
to produce multiWall nanotubes attached to a substrate, often 
With a semi-aligned or aligned, parallel groWth perpendicu 
lar to the substrate. Also Merkulov et al., Tsai et al., and Teo 
et al. demonstrated that carbon nano?bers and nano-cones 
can be groWn in optimum conditions, for example by 
varying gas ratio and voltage bias. 

[0008] As described in the cited articles, catalytic decom 
position of hydrocarbon-containing precursors such as eth 
ylene, methane, or benZene produces CN When the reaction 
parameters such as temperature, time, precursor concentra 
tion, ?oW rate, are optimiZed. Catalyst layers such as thin 
?lms of Ni, Co, Fe, etc. are often patterned on the substrate 
to obtain uniformly spaced CN array. Furthermore, the 
patterning of catalysts makes it possible to tailor the geom 
etry (diameter controlled by catalyst siZe, height controlled 
by deposition time) of CN the demands for various appli 
cations. The catalyst dots can be patterned by various 
techniques: self-assembly, unconventional lithography (for 
example, nano-sphere lithography), and e-beam lithography. 
Careful patterning and groWth enables production of carbon 
nanotubes With remarkable uniformity in diameter and 
height (standard deviations ~5%), as reported by Teo et al. 

[0009] While oxide nanostructures can be fabricated using 
various available techniques, the most frequently desired 
structural con?gurations such as Well-de?ned, vertically 
aligned and periodically spaced nano oxide Wires are not 
easily obtainable. In addition, some of the unique structures, 
such as a holloW oxide nanotubes and holloW oxide nano 
cones, are not easily synthesiZed using conventional tech 
niques. Accordingly there is a need for improved methods of 
making oxide nanostructures. 

SUMMARY OF THE INVENTION 

[0010] This application discloses convenient and novel 
processing techniques of fabricating oxide nanostructures, 
some in the form of surface coating, some in the form of 
nanocomposites, and some in the form of oxide nanotubes or 
nanocones. The techniques utiliZe aligned carbon nanotubes 
or nanocones as groWth templates. The carbon template is 
optionally burned aWay by heat treatment in an oxidiZing 
atmosphere to create holloW and open oxide nanotubes or 
nanocones. The resulting novel structures can be useful for 
articles and devices such as nano sensor arrays, ?eld emis 
sion devices such as ?eld emission displays, nanoscale 
ferromagnetic or ferroelectric memories, nano-reactors, 
nano catalyst arrays, fuel cells, room temperature UV lasers 
for higher optical memory density, and nano-electrome 
chanical devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] For a better understanding of the invention, exem 
plary embodiments are described in connection With the 
accompanying draWings, in Which: 

[0012] FIGS. 1(a), 1(b) and 1(0) schematically illustrate 
an exemplary fabrication process for an oxide nanotube 
array using carbon nanotube/nano?ber array as a template; 
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[0013] FIGS. 2(a), 2(b) and 2(0) schematically show a 
fabrication process for an oxide nano-cone array using 
carbon nano-cone as a template; 

[0014] FIGS. 3(a) through 3(d) schematically illustrate an 
exemplary fabrication process for an oxide nanotube array; 

[0015] FIGS. 4(a) through 4(d) schematically shoW an 
exemplary fabrication process for an oxide nano-cone array; 

[0016] FIGS. 5(a) and 5(b) illustrate cross-sectional vieWs 
of a metal oxide nanostructure before and after oxidation; 

[0017] FIG. 6 is cross-sectional vieW of a nano-tip oxide 
?eld emitter; 

[0018] FIG. 7 illustrates schematic ?eld emission display 
using the aligned oxide nanostructure array; 

[0019] FIG. 8 illustrates an example of nano sensor array; 
and 

[0020] FIGS. 9(a) and 9(b) illustrate UV laser emitters 
comprising aligned ZnO nanostructures. 

[0021] It is to be understood that these draWings are for the 
purposes of illustrating the concepts of the invention and are 
not to scale. 

DETAILED DESCRIPTION 

[0022] In the prior art, a variety of quasi-one-dimensional 
oxide nanostructures, such as nanorods, nanoWires and 
nanobelts, have been fabricated. The synthesis commonly 
involves a vapor phase (e.g., groWth by laser ablation or 
chemical or physical vapor deposition), and a vapor-liquid 
solid (V LS) mechanism. In this groWth mode, a liquid metal 
cluster acts as an energetically favored site for the absorption 
of gas-phase reactants. The cluster supersaturates and groWs 
into a one-dimensional Wire of the material With the alloy 
cluster atop the Wire. The resulting Wire morphology 
depends on experimental parameters such as temperature, 
pressure, and the nature of the metal catalyst. As suggested 
by Lieber et al., VLS can be employed to groW various metal 
oxide materials. Several oxide nanostructures Were also 
prepared by chemical vapor deposition, sol-gel, molecular 
beam-epitaxy, and other techniques. HoWever, the use of 
chemical processes to fabricate oxide nanostructures often 
introduces many dif?cult to control processing variables, 
requires chemically toxic gases, and results in unoriented, 
randomly distributed nanostructures. 

[0023] In order to overcome these problems, the present 
invention employs novel physical vapor deposition pro 
cesses. To realiZe useful devices, it is often required to 
control alignment, geometry, and groWth location of nano 
features. To achieve such a structure in metal oxide nano 
structures, the inventive process utiliZes substrate-supported 
carbon nanostructures (such as nanotubes and carbon nano 
cones) as templates. The preferred carbon nanostructures are 
nanostructures such as nanotubes, nanocones and nanoWires 
that project outWardly from the substrate surface. This 
process uses the fact that carbon nanostructure aligned 
groWth has been Well established, often Without involving 
toxic gases. GroWth of the carbon nanostructures at speci?c 
location can be achieved by patterning of catalyst metal 
islands. Also, controlling the diameter of the catalyst islands 
enables one to obtain the nanostructures With desired diam 
eter. 
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[0024] Referring to the draWings, FIG. 1 illustrates an 
exemplary, versatile and simple fabrication technique for 
groWing an oxide nanotube array 10 by a physical vapor 
deposition. A carbon nanotube/nano?ber array 10 supported 
by a substrate 11 can be prepared by conventional CVD 
technique (FIG. 1.(a)). If patterning of catalyst dots is used, 
a regularly spaced array of nanotubes 12 can be obtained. 
The patterning also enables one to control the geometry 
(diameter controlled by catalyst siZe, height controlled by 
deposition time) of carbon nanotubes/nano?bers 12. See Teo 
et al. cited above. Instead of conventional lithography 
(e-beam lithography and photolithography), some cost-ef 
fective patterning methods, such as self-assembly, poly 
meric approach, nano-sphere lithography, and shadoW mask 
technique also can be used to prepare catalyst island array 
for groWing the nanotube array 10. 

[0025] The next step of the processes to form the oxide 
nanostructures is to deposit a thin ?lm 13 of a metal A on the 
surface of the carbon nanotubes/nano?bers 12 in the array 
10 (FIG. 1(b)), for example using sputtering, evaporation or 
even CVD. Because of the shadoW effect by neighboring 
nanotubes, it is di?icult to uniformly coat the nanotubes/ 
nano?bers 12 especially if the length-to-diameter aspect 
ratio is high. In this case, source beam is 14 desirably 
obliquely incident on the substrate and rotation of the 
substrate is also utiliZed. When the mean free path of 
molecules is much smaller than the distance betWeen the 
source and the substrate (like a typical sputtering environ 
ment), such a shadoWing effect is much smaller than in the 
case of evaporation processes. 

[0026] The third step is to oxidiZe the coated metal layer 
on the nanotube array. The metal (A) can be oxidiZed to form 
metal oxide (AMON) by heating the sample in oxygen 
ambient atmosphere containing, for example, oxygen gas, 
atomic oxygen, oZone, oxygen plasma, N02, and N20. A 
partial atmosphere such as incorporating inert gas may also 
be used. The desired oxidiZing temperature is typically in the 
range of 200-2000° C., preferably in the range of 400-14000 
C. The desired heat-treatment time is in the range of 1 
second to 500 hours, preferably 10-600 minutes. The com 
pleted structure is an oxide-coated carbon nanostructure 15, 
the surface oxide of Which can be utiliZed for a variety of 
devices dependent on aligned nanoscale oxide con?guration. 
An alternative Way of creating the oxide coating on the CN 
surface, is to directly deposit oxide material, for example, by 
using a RF (radio frequency) sputtering or CVD. 

[0027] An alternative con?guration of the inventive oxide 
nanostructure is to remove all or a part of the carbon 
nanostructure (CN) template underneath. For some device 
applications, removal of the carbon simpli?es the structure 
and minimiZes a possible complication arising from the 
presence of carbon, especially since the carbon is electrically 
conductive While the oxide is often dielectric. Such a car 
bon-free oxide nanostructure array can be accomplished by 
exposing the carbon underneath to an oxidiZing atmosphere 
during heat treatment and burning aWay the carbon as CO or 
CO2 gas. 

[0028] In order to effectuate such a removal, the metal (or 
metal oxide) coating is made to be semi-permeable to gases 
(02, CO or CO2). Such a semi-permeable coating can be 
provided by a careful control of the metal coating process 
and thickness. A relatively fast deposition or loWer tempera 
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ture deposition of metals tends to create less dense structure. 
The permeable coating structure has a density of less than 
96%, preferably less than 90%. 

[0029] An alternative process to alloW access of oxygen to 
the carbon is to remove a part of the metal coating (or metal 
oxide coating) at the upper-end portion of the coated CN 
structure to expose the carbon. Such an exposed structure is 
obtained by plasma etching, for example using an oxide 
plasma. The structure is then subjected to an oxidiZing heat 
treatment. During this oxidation, carbon nanotubes/nano? 
bers are etched aWay as carbon oxide gas. Thus a metal 
oxide (AMON) nanotube 15 array can be obtained (FIG. 
1(0)). The application is not limited to binary oxides. If the 
deposited metal is an alloy (e.g., ALBM), a complex oxide of, 
ALBMON can be obtained. 

[0030] Exemplary oxide nanostructures that can be fabri 
cated according to the inventive processes include semicon 
ducting or dielectric oxides such as ZnO, TiO2, MnO2, SnO, 
ZrO2, V205, SiO2, CrO2, Cr2O3, MgO, A1203, ferroelectric 
oxides (such as BaTiO3, (Pb,La)(Zr,Ti)O3, SrBi2Ta2O9, and 
(Bi,La)4Ti3Ol2), magnetic oxides (such as magnetite, Ba 
ferrite, NiiZn ferrite), superconductive oxides (such as 
YBa2Cu3O7), and magneto-resistive oxides (such as 
La4CaiMn4O or LaiSriMn4O). 

[0031] FIGS. 2(a)-(c) illustrate an inventive process of 
fabricating a metal oxide nano-cone array. Most of the 
processing principles are similar to those for the nanotube 
array describe above. In this case, carbon nano-cone array 
20 is used as a permanent or a sacri?cial template. The 
geometry of the cones 21 With the slanting side illustrated in 
FIG. 2 is especially advantageous, as compared to the 
nanotube or nano?ber con?guration of FIG. 1, in that the 
deposition of metal 22 becomes much easier and convenient 
as a standard, vertical deposition can be employed, thus 
omitting the oblique incident beam arrangement and the 
substrate rotation. The metal 22 is then oxidiZed to a metal 
oxide layer 23 as shoWn in FIG. 2(0). The carbon nanocone 
template may be left as a permanent base or the carbon can 
be burned aWay using an oxidiZing heat treatment similarly 
as in the case of carbon nanotube or nano?ber removal 
discussed earlier. Semi-permeable metal coating or plasma 
etching removal of metal from a small area near the cone tips 
may be employed. 

[0032] As the nanocone fabrication steps often involve 
high temperature CVD processing at several hundred 
degrees centigrade, it is noted that depending on the specif 
ics of nanotube fabrication, the carbon nanocones some 
times contain a varying amount of other elements such as 
silicon or oxygen diffused from the silicon or silicon oxide 
substrate into the nanocone structure during the high tem 
perature fabrication. AlloWable types of other elements in 
the nanocones (and in nanotubes but With a much less 
extent) include Si, Ga, As, Al, Ti, La, 0, C, B, N, and other 
substrate-related elements. The amount of such elements can 
be very small or substantial depending on the temperature, 
time, and electric ?eld applied during the CVD processing, 
for example in the range of 0.5 to 70 atomic percent. 

[0033] During the groWth of CN, catalyst particles are 
sometimes retained at the tip. In most cases, the catalyst 
particles are transition metals and they are readily oxidiZed. 
For some applications, it Will be necessary to remove this 
oxide of transition metal in order to avoid possible device 
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performance complications. To meet such a need, a modi?ed 
fabrication method is disclosed as shoWn in FIG. 3. Here 
carbon nanotubes/nano?bers 30 are prepared (FIG. 3(a)) and 
an etching step to remove the catalyst nano-particles 31 is 
applied before deposition of a metal thin ?lm 32 (FIG. 3(b)). 
Etching of the catalyst metal particle 31 (typically Ni, Fe or 
Co for carbon nanotube groWth) can be done by either dry 
etching (e.g., ?uorine-based reactive ion etching or oxygen 
plasma etching) or Wet etching (e.g., using a solution of 
phosphoric acid and nitric acid). Once the catalyst metal 
particles are removed, subsequent processes of metal thin 
?lm deposition (FIG. 3(c)) and oxidation (FIG. 3(d)) are 
carried out to form a ?nal structure of an array of oxide 
nanotubes. A similar process can be applied to nano-cones 
40 as illustrated in FIG. 4. 

[0034] FIGS. 5(a) and 5(b) schematically illustrate cross 
sections of the nanotube tip geometry before and after 
oxidation, respectively. The diameter of the open end 50 of 
a nanotube or nanoWire 51 can be reduced after oxidation of 
metal 52 due to the addition of oxygen, and can even be 
completely closed by the metal oxide 53 if the catalyst 
particles (not shoWn) are small and the deposited metal ?lm 
has a large volume expansion ratio during oxidation. Such a 
closed or semi-closed tip structure can be useful for special 
nanostructure array applications, for example, to store liq 
uid, gas, or pharmaceutical drug before the moment of 
device operation. Fuel storage (such as liquid fuel or hydro 
gen for fuel cells) or drugs for controlled delivery are some 
applications. 
[0035] The oxide nanostructure array has several desirable 
characteristics particularly useful for device applications. 
They include the very large surface area associated With the 
nanoscale and vertically elongated structure, Which can be 
useful for enhancing the kinetics chemical, catalytic or other 
reactions. The sharp tip con?guration With high aspect ratio, 
in combination With a vertically aligned and laterally spaced 
array structure can be useful for electron ?eld emitter 
applications. The cone-shaped con?guration provides 
mechanical sturdiness of the nanostructure, much better than 
in the case of the nanotube or nano?ber con?guration. The 
holloW inside in some of the inventive con?gurations (When 
the carbon template is burned aWay) can provide many, 
nanoscale storage reservoirs for liquid or gaseous fuel, 
medicine, chemical reactant, and catalysts for nanoscale 
chemical reactors or sensor applications. The presence of 
many nanoscale and periodically placed nanoscale oxide 
elements can also be utiliZed for ferroelectric or ferromag 
netic memory applications. Some of these device applica 
tions are described beloW. 

Nano -Tip Field Emitters 

[0036] In vacuum microelectronics, great attention has 
been paid on the application of ?eld-emitters to ?at-panel 
?eld-emission displays (FED’s), RF ampli?ers, multi-beam 
electron-beam lithography, specialty lamps, and nanoscopic 
X-ray sources. All of these require stable ?eld emitters With 
suf?ciently large emission current. 

[0037] An important issue in ?eld emitters is their stability 
With the residual ambient gas. Particularly important is that 
the ?eld emitter tips made of refractory metals like molyb 
denum, niobium, and tungsten are susceptible to oxidation. 
Such ?eld emitters Were disclosed by Chalamala et al. in 
US. Pat. No. 6,091,190, “Field emission device”, issued on 
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Jul. 18, 2000. In the present invention, sharp metal (e.g., 
Mo) tip ?eld emitters can have a novel surface passivation 
layer made from oxides of one of the metals selected from 
Ba, Ca, Sr, In, Sc, Ti, Ir, Co, Sr, Y, Zr, Ru, Pd, Sn, Lu, Hf, 
Re, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, 
Th, and combinations thereof. The oxide is helpful in 
improving the emission stability. Moreover its Work func 
tion is less than that of molybdenum. 

[0038] Referring to the drawings, FIG. 6 is a schematic 
cross-sectional illustration of an exemplary inventive ?eld 
emitter, Which is prepared by using a carbon nanocone 61 
(Which can be removed if desired) as a template. The ?eld 
emitter 60 comprises tWo layers, an oxide passivation layer 
(AMON) 62 and metal layer 63 (e.g., Mo). This structure can 
be fabricated folloWing the process shoWn in FIG. 2, but 
multilayer of A/Mo should be groWn on the carbon nano 
cones in the step corresponding to FIG. 2(b). An ensuing 
oxidation step can oxidiZe top-most metal (A) layer to form 
oxide (AMON). Carbon nanotubes/nano?bers also can be 
used as templates and similar process can be applied to 
prepare tube-type nano-tip array, as illustrated in FIG. 1. 

[0039] The inventive ‘nano-tip ?eld emitters’ is a robust 
electron source, since it takes the advantages from both the 
carbon nano-cone (high aspect ratio and sharp tip geometry 
useful for electric ?eld concentration) and the passivated 
Spindt-type emitter (high tolerance in ambient). Such a high 
aspect ratio can greatly reduce the turn-on voltage for ?eld 
emission. Metal (e.g., Mo) ?lms or underlying carbon can 
provide a good conduction path for electron transport during 
electron emission, Which can produce a large emission 
current. 

[0040] A ?eld emission display device incorporating the 
inventive ?eld emitter array is schematically illustrated in 
FIG. 7. The display device of FIG. 7 uses one or more arrays 
70 of ?eld emitters such is shoWn in FIG. 6 disposed on a 
cathode substrate 71 to emit electrons. Emission is partially 
controlled by respective gate electrode 72 Which can be 
supported overlying the emitters by an insulating pillar 73. 
Emitted electrons are attracted into collision With an anode/ 
phophor assembly 74 and the resulting light can be seen 
through a glass plate 75. 

Nano Sensor Array 

[0041] A sensor array system is useful for clinical, envi 
ronmental, health and safety, remote sensing, military, food/ 
beverage and chemical processing applications. This array 
contains several gas sensors, such as metal oxides (SnO2, 
ZnO, CdO, PbCrO4, Fe2O3, TiO2, ThO2, M003, V205, 
MnO2, W03, NiO, CoO, Cr2O3, Ag2O, In2O3, and so on). 
The sensor array displays the capacity to identify and 
discriminate betWeen a variety of vapors by virtue of small 
site-to-site differences in response characteristics. Such a 
sensor array Was disclosed by Ho?heins et al. in US. Pat. 
No. 5,654,497, “Motor vehicle fuel analyzer”, issued on Jun. 
3, 1996. Various fabrication methods have been developed, 
for example, McDevitt et al. in US. Pat. No. 6,649,403, 
“Method of preparing a sensor array” issued on Nov. 18, 
2003. 

[0042] FIG. 8 schematically illustrates an exemplary 
inventive sensor array 80, Which is prepared by using carbon 
nanocones as templates. In order to prepare a multifunc 
tional sensor capable of detecting different gas or different 
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physical or chemical stimuli, various kind of metals (A, B, 
C, . . . ) are deposited on different sets of nanocone templates 

(81, 82, and 83, respectively) on a Wafer. Such a selective 
deposition can be carried out, for example, by using a 
shadoW mask Which alloW a selective thin ?lm deposition of 
metal A (or the oxide AOX) in a rectangular area at the 
bottom of FIG. 8. The shadoW mask is then moved to the 
middle area rectangle for deposition of metal B (or the oxide 
BOX). Such a step is repeated in order to produce as many 
areas as desired for sensing of each speci?c gas. A metal 
oxide array obtained by such a processing is illustrated in 
FIG. 8, Which shoWs an example of nano-cone templates 84 
coated With different metal-oxide sensors. A set of electrodes 
85 is prepared for each set of metal oxide sensors as shoWn 
in FIG. 8. These electrodes are connected to a detection 
system for interrogation/analysis of the obtained signals. 
The large total surface area from many sensor nanoWires 
Within each set adds to the total cumulative signal amplitude. 

[0043] The inventive ‘nano sensor array’ is very sensitive, 
since it has a ultrahigh surface-to-volume ratio. Moreover, 
With a nanoscale patterning, a very large number of sensor 
sets can be incorporated for detection of many different 
types of chemical or physical stimuli. 

[0044] The application of the inventive oxide nanostruc 
ture array is not limited to a chemical sensor. Resistances of 
some metal oxides are varied under light (e.g., In2O3) or 
magnetic ?eld (e.g., perovskite manganese oxides such as 
La1_XCaXMnO3). Those materials can be used for photode 
tectors and magnetic ?eld sensors. Also some metal oxides 
generate electric current When heat (pyroelectric materials) 
or pressure (pieZoelectric materials) is applied. These prop 
erties can be utiliZed for infrared sensors and pressure 
sensors. In all these cases, sensitivity of the oxide nano 
structure disclosed in this invention is much higher than that 
for the conventional planar thin ?lms due to its enormous 
surface area. 

[0045] The inventive oxide nanostructures can also be 
useful for optoelectronic applications. For example, it is 
demonstrated that ZnO nanoWires can produce room tem 
perature UV (ultraviolet) laser. See articles by Y. C. Kong et 
al, Applied Physics Letters Vol. 78, p. 407 (2001) and M. 
Huang et al., Science, Vol. 292, p. 1897 (2001). ZnO is a 
direct Wide-bandgap semiconductor With its bandgap of 3.37 
eV at room temperature Which is suitable for short Wave 
length laser or diode applications such as UV or blue 
emitters. Such short Wavelengths can alloW higher optical 
memory densities for CD (compact disk) devices or mag 
neto-optical memory devices. Due to the much larger exci 
ton binding energy of about 60 meV in ZnO as compared to 
other large bandgap semiconductors (~25 meV for GaN and 
~22 meV for ZnSe), the excitons in ZnO are thermally stable 
at room temperature thus providing an extra advantage. As 
illustrated schematically in FIG. 9, an aligned oxide nano 
structure 90 comprising the ZnO coating on the carbon 
nanotube template 91, FIG. 9(a), or a similar structure 92 
comprising ZnO nanotubes only after the removal of carbon 
template inside, FIG. 9(b), can thus be useful as an ef?cient 
UV or blue light emitter device. 

[0046] The aligned oxide nanostructure can also be useful 
for ferroelectric or ferromagnetic memory devices. An 
exemplary oxide ferroelectric memory material is barium 
titanate (BaTiO3), and an exemplary ferromagnetic oxide 
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memory material is barium hexaferrite (Please Check This. 
BaO.6Fe2O3). For such memory devices, the gap between 
the nanoWires in the aligned oxide nanostructure of FIG. 
1(1)) or FIG. 1(c) can be ?lled With nonfunctional materials 
such as a polymer or physically deposited (e.g., by RF 
sputtering) aluminum oxide, then the top surface is polished 
?at (e.g., by chemical mechanical polishing technique), and 
electrodes as Well as electrical or magnetic interrogation 
circuits are added so as to induce or detect changes in stored 
electrical charge or magnetic moment. 

[0047] The inventive nano oxide arrays such as solid, 
composite or holloW nanoWire or nanocone array of oxides 
are also useful for other device applications such as nano 
reactors, nano catalyst arrays, fuel cells, and nano-electro 
mechanical devices. 

[0048] It can noW be seen that one aspect of the invention 
is a method of making an array of metal oxide nanostruc 
tures comprising the steps of providing a substrate including 
an array of projecting carbon nanostructures and forming a 
metal oxide coating overlying the surface of the carbon 
nanostructures. The metal oxide coating can be formed by 
depositing the metal and oxidiZing the deposited metal to 
form the array of metal oxide nanostructures. Or the metal 
oxide coating can be deposited overlying the carbon nano 
structures. The substrate typically has a major surface and 
the carbon nanostructures are advantageously disposed in a 
tWo dimensional array on the surface. Preferably the carbon 
nanostructures are disposed in a substantially equal spaced, 
spaced-apart array as by appropriate disposition of catalyst 
islands, and they may advantageously have substantially 
uniform height above the substrate. The remains of the 
catalyst islands can be etched aWay after carbon nanostruc 
tures are groWn. The projecting carbon nanostructures can 
be nanotubes, nanoWires or nanocones. 

[0049] In depositing the metal coating or the metal oxide 
coating, the material may be deposited at an oblique angle 
to the substrate surface, and the substrate surface can be 
rotated to reduce shadoWing of nanostructures by neighbor 
ing nanostructures. 

[0050] Deposited metal can be oxidiZed by heating in an 
oxidiZing gas ambient at a temperature in the range 200 
200° C. for 1 second to 500 hrs. and preferably at a 
temperature in the range 400-1400o C. for 10 to 600 minutes. 
The metal can be an elemental metal or an alloy. Typical 
useful metals include Zn, Ti, Mn, Sn, Zr, V, Si, Cr, Mg, Al, 
Fe, Ba, Fb, La, Sr, Bi, Ta, Cu, Ca and their alloys. 
[0051] After the carbon nanostructures have served as a 
template for the formation of metal or metal oxide coatings, 
the carbon can be removed as by heating in an oxidiZing 
atmosphere. 
[0052] Another aspect of the invention is the resulting 
article comprising a substrate including an array of project 
ing metal oxide nanostructures. The oxide nanostructures 
can be in the form of nanotubes, nanocones or nanoWires. 
The nanostructures can be disposed in a spaced-apart tWo 
dimensional array, preferably With substantially equal spac 
ing and substantially uniform height above the substrate. 
The article can be, among other things, a ?eld emission 
structure using the oxide nanostructures as nanotip ?eld 
emitters. It can also be used as a nanosensor array. 

[0053] It is understood that the above-described embodi 
ments are illustrative of only a feW of the many possible 
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speci?c embodiments Which can represent applications of 
the invention. Numerous and varied other arrangements can 
be made by those skilled in the art Without departing from 
the spirit and scope of the invention. 

1-16. (canceled) 
17. In a ?eld emission device comprising a plurality of 

?eld emitters disposed on a cathode substrate to emit elec 
trons, a gate electrode overlying the ?eld emitters to partially 
control emission from the emitters and an anode/phosphor 
assembly positioned for receiving emitted electrons, the 
improvement Wherein: 

the ?eld emitters include metal oxide nanostructures made 
by providing a substrate supporting an array of pro 
jecting carbon nanostructures; and forming a metal 
oxide coating overlying the surfaces of the carbon 
nanostructures. 

18. A sensor array comprising one or more arrays includ 
ing metal oxide nanostructures made by providing a sub 
strate supporting an array of projecting carbon nanostruc 
tures; and forming a metal oxide coating overlying the 
surfaces of the carbon nanostructures. 

19. The sensor array of claim 18 Wherein the one ore more 

arrays comprise a plurality of arrays of respectively different 
metal oxides. 

20. An array of metal oxide nanostructures made by 
providing a substrate supporting an array of projecting 
carbon nanostructures; and forming a metal oxide coating 
overlying the surfaces of the carbon nanostructures. 

21. The array of metal oxide nanostructures according to 
claim 20, Wherein the metal oxide coating is formed by 
depositing a metal coating overlying the surfaces of the 
carbon nanostructures and oxidiZing the metal coating. 

22. The array of metal oxide nanostructures according to 
claim 20, Wherein the metal oxide coating is formed by 
depositing a metal oxide coating overlying the surfaces of 
the carbon nanostructures. 

23. The array of metal oxide nanostructures according to 
claim 20, Wherein the substrate has a major surface and the 
carbon nanostructures are disposed in a tWo dimensional 
array on the surface. 

24. The array of metal oxide nanostructures according to 
claim 20, Wherein forming the metal oxide coating includes 
sputtering, evaporating or chemical vapor disposition. 

25. The array of metal oxide nanostructures according to 
claim 20, Wherein the projecting carbon nanostructures are 
selected from the group consisting of nanotubes, nanoWires 
and nanocones. 

26. An article comprising an array of nanostructures 
comprising an array of nanotubes, nanoWires or nanocones, 
Wherein each nanotube, nanoWire or nanocone includes an 
outer coating of oxidiZed metal. 

27. The article of claim 26 Wherein oxidiZed metal 
comprises an oxidiZed alloy. 

28. The article of claim 26 Wherein the oxidiZed metal 
comprises an oxidiZed alloy. 

29. The article of claim 26 Wherein the array comprises 
nanotubes and the distal ends of the nanotubes are closed. 

30. The article of claim 26 Wherein the array comprises 
carbon nanotubes, nanoWires or nanocones. 


